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Abstract

Asteroids or comets making close approachesto the Earth
(or Venus) may undergo tidal disruption, producing numerous
fragments which can be tens of metersin diameter or larger.
To quantify this mass loss, we simulated encounters between
rotating, strengthless, elongated, particulate bodies (“rubble-
piles’) and the Earth using an N-body code. By folding these
resultsinto asecond codewhich model sthe evolution of Earth-
crossing objects (ECOs) statistically, wefound that theamount
of massremoved by tidal forces per year wascomparableto the
main-belt injection rate of 50 m sized bodies into the 3:1 and
ve resonances. Thus, our results suggest that tidal disruption
playsan important role in maintaining the steady-statefraction
of small ECOs.

Introduction

It has been estimated that there are at least ~ 10° objects
with diameters of 50 m or larger in the Earth-crossing object
(ECO) population[1]. Thelifetime of ECOs against planetary
collision, gection, or comminution is only ~ 10-30 Myr [2],
far shorter than the age of solar system (4.6 Gyr), suchthat this
population must be constantly replenished to remain in steady-
state. The primary source for this replenishment is thought
to be the main-belt, where collisions between asteroids often
deliver fragments to either the 3:1 mean-motion resonance
with Jupiter or the v secular resonance. It has been estimated
that roughly one 50 m object per year is injected into these
orbits[3]. Onceinside, these bodies undergo orbital evolution
which can transport them to the terrestrial planet region via
chaotic increases to their eccentricity [4]. It is thought that
~ 10% of this population is removed from these resonances
by perturbations from the Earth, Venus, or Mercury, enough
to keep the ECO population in steady-state [3]. The exact
percentage, however, is unknown.

We suggest that this scenario may missanimportant source
for small bodiesin the ECO region. Weak bodies(i.e. “rubble-
piles”) residing here may be vulnerable to disruption by tidal
forces during close encounters with the Earth or Venus. Be-
cause close planetary encounters occur more frequently than
collisions, tidal disruptionis capable of producing many small
bodies, possibly enhancing the population of small bodiesnear
Earth. Interestingly, these disruptions are most likely to take
place where a large population of small ECOs has been sug-
gested by D. Rabinowitz [5] (Details are given below).

Tidal Disruption Results
To investigate this issue, we model the tidal disruption of

rubble-pile progenitors making close encounters with Earth.
Our model, our assumptions, and our results are described in

an accompanying LPSC abstract [6] (In particular, see Fig. 1
of that abstract).

Our results show four different tidal disruption regimes,
the first three which produce small gjecta fragments (Fig. 1).
(S) “SL9-type” catastrophic disruption where the progenitor
forms into aline of roughly equal size clumps (i.e. a “string
of pearls”) and leaves less than 50% of its massin the largest
fragment.

(B) Break-up with mass shedding of clumps and single par-
ticles, leaving the progenitor with 50%-90% of its original
mass. Most of the mass is shed near the ends of the object,
which is stretched due to tidal forces.

(M) Mild mass shedding of clumps or particles, leaving the
progenitor with over 90% of its origina mass. Similar to
the B-class, M-class disruptions can cause the progenitor to
become quite elongated, which may explain the strange shapes
of several ECOs|[7].

(N) No mass loss (but possible reshaping of the progenitor
accompanied by spin-up or spin-down).

In general, we found that progenitors with fast spin rates,
low encounter velocities, or those that make close encounters
with Earth tend to undergo more catastrophic tidal disruptions.

Production of Small Bodies

To estimate the rate of mass loss due to tidal disruption
near the Earth, we combined our results for tidal disruption
over probability distributions for the progenitor's close ap-
proach distanceto Earth (¢), itsencounter velocity “ at infinity”
(veo ), and itsrotation period (P). The probability distribution
for ECO encounter velocities with Earth can be found in [8].
The probability distribution for ECO rotation periods can be
estimated using the results found in [9]. The encounter prob-
ability for ECOs making a close approach to Earth can be
estimated using the results of [8] and by calculating the grav-
itational focussing factor for each body. Finally, to determine
how many ECOs are capable of undergoing tidal disruption,
we combined the ECO size-frequency distribution reported in
[1] with an estimate of the smallest rubble-pile theoretically
possible (250 m; reported in [10]).

Pulling these components together, we estimated that the
total mass shed by ECOs larger than 250 m in diameter is
~ 6 x 10™ grams per year. Tests show this result is rela-
tively insensitive to changes on either end of the ECO size-
frequency distribution (i.e. making the smallest rubble-pile di-
ameter larger than 250 m, or eliminating several of the largest
ECOs).

If we were to place all the mass shed in tidal disruptions
into spherical objects 50 m across, the size of the object needed
to producea“ Tunguska’ -typeevent on Earth, their production
rate would be 0.4 per year, comparableto the injection rate of
similarly-sized bodies entering the 3:1 or v resonancesfrom
the main-belt [3].
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Our results show that, on average, thelifetime of arubble-
pile against S class eventsis 450 Myr, the lifetime against a S
or B classeventsis 260 Myr, and the lifetime against S, B, or
M classeventsis 120 Myr. Thus, if we assumethere are 2100
km-sized ECO's[1], S-type eventsshould occur near the Earth
once every 210,000 years, S and B events once every 120,000
years, and S, B, M events once every 55,000 years.

Since neither the size distribution of component material
inarubble-pileasteroid nor the supply rate of 50 m bodiesfrom
the main-belt to the ECO population are known, it isdifficult to
say which source is more important for replenishing the small
ECOs.

Evidencefor Tidal Disruption

We expect more tidal disruption where v, values with
the Earth are low. These regions should contain a greater
abundance of tidal ejecta, since any material stripped from the
progenitor will have orbital parameters similar to that of the
progenitor (at least until planetary close encounters cause the
bodiesto spread).

To find these low v, regions, we mapped v, valuesfor
test objects encountering the Earth at regularly spaced(a, e, ¢)
intervals using the technique of [8]. Fig. 2 showstwo velocity
contour maps taken from our results. Fig. 2a shows that test
bodieswith 5° inclination havelow v, valueswheree issmall
and periapse(¢) and apoapse(() arenear 1 AU. Fig. 2b shows
asimilar trend, though the higher inclination (: = 20°) raises
the lowest v level enough to inhibit most tidal disruptions.

Thus, we predict that tidal ejectashould becommoninlow
e, ¢ regions near the Earth, the same region where Spacewatch
has been finding many small ECOs [5]. Previous work has
shown that this population cannot be easily be produced by
alternative sources[11].

Does this result, however, match observations? A qualita-
tive examination of theorbital distribution of 197 ECOsreveals
few large bodies but many small bodies at low e, :. Though
we cannot yet claim that tidal disruption is the sole culprit for
this distribution of material, it is, at least, consistent with idea
that tidal disruption playsaprominent role in the evolution of
many ECOs.
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Figure 1. Snapshotsof four classesof tidal disruption: Upper
left (S), Upper right (B), Lower left (M), Lower right (N). See
text for definitions.
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Figure 2: Contour plotsin (a, e) space of mean v., values
for test bodies encountering the Earth with (a) 1 = 5°, and (b)
i = 20°. Contourshaveunitsof kms™t. Thelowest velocities
are found where e is small and periapse (¢) and apoapse ()
are near 1 AU.
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